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Image: the inside of the Pulsed Laser Deposition vacuum chamber. The bright plasma is visible, 
as well as the substrate directly opposite.  
Chapter 2. Experimental Methods. 
 
 





In this chapter the experimental techniques employed in the other chapters will 
be briefly introduced. Since the Pulsed Laser Deposition and RHEED technique 
were used most extensively, and were a new addition to our research group, this 
system is described in more detail to provide an introduction that can be used by 
future operators. 
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2.2 Differential Scanning Calorimetry 
Calorimetry is a well-established technique in many (chemical) labs. A 
traditional Differential Scanning Calorimeter (DSC) heats two closed sample pans 
or ‘crucibles’ simultaneously. One pan contains the specimen, the other is empty. 
The measurement signal is simply the difference in energy being supplied to both 
pans to maintain a given temperature profile. Since the specimen can undergo both 
exothermic and endothermic reactions, the observed energy difference might be 
either positive or negative. Furthermore, since the specimen has a certain heat 
capacity the heat flow to the specimen pan will in general be higher, which can also 
be measured. A downside of traditional DSC is the mass of the sample pans and the 
heater elements, which impose limits on the attainable heating and cooling rates. 
By using a microchip-based DSC, (Ultrafast DSC-1, Mettler Toledo), heating and 
cooling rates of 10 000 K/s can be achieved. Since all components (heaters/sample 
pans/thermocouples) are incorporated within a 500 μm diameter chip membrane 
area, the energy requirements and heat gradients can be reduced tremendously.1–4 
The downside of using this small-scale system is that complications arise due to 
excessive evaporation: the samples are not enclosed, but merely held under 
nitrogen atmosphere on the chip. Furthermore, sample preparation and structural 
analysis after thermal treatment are more challenging. Specimen have to be applied 
to the chip area using a hair. The specimen sticks to the hair using static forces and 
the sample transfer takes considerable dexterity. In general the chip sensor area 
will be too dirty for reuse, therefore a clean sensor chip is installed and calibrated 
before each new sample is applied.  
Figure 1. a.) the Mettler Toledo Ultrafast DSC 1. The microscope attachment is 
essential to the application of the micron-sized samples using a hair. The device is 
closed to allow for a controlled nitrogen flow and to prevent the precipitation of 
ice on the cold-sink (not shown), which is kept at -90 °C. b) Shows the sensor chip 
and the sample and reference ‘crucibles’ in the center. c) Shows the active area of 
the chip and a small sample slightly off-center. A white (reflective) halo of 
redeposited evaporated material is visible. Figure adapted from 5. 
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15 
2.3 X-ray diffraction 
Standard laboratory X-ray diffractometers are quite common and can yield 
information from a wide range of samples and on a variety of crystallographic 
questions. In this thesis we mainly present data obtained using thin-film X-ray 
diffraction (XRD), obtained using the varyingly named Bragg-Brentano, θ-2θ,  or 
2θ-ω geometry. A sketch of the setup is shown in figure 2. An X-ray source Cu Kα (λ 
= 1.54Å) is directed at the plane of the film, with incidence angle θ. A detector is 
placed directly opposite, at the same angle, which allows detection of the diffracted 
beam intensity. This geometry allows for the measurement of crystal plane spacing 
parallel to the surface of the film/substrate, according to Bragg’s law. When 
operated at small incidence angles (< 10°) the reflected intensity oscillates, 
regardless of crystal structure, with a period corresponding to the film thickness. 
Such a thickness measurement using the Kiessig oscillations is called an X-Ray 
Reflectivity (XRR) measurement. The XRD and XRR analysis in this thesis is 
performed using a Philips X’PERT MRD system. 
 
 
Figure 2. Several common modes of thin-film X-ray measurements are shown. 
Source (Src) and detector (Det) as well as thin film (parallel lines) can move and 
rotate along a number of axes.  
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2.4 Atomic Force Microscopy 
Atomic force microscopy (AFM) in tapping mode (TM) was extensively used as a 
characterization tool for thin films grown using PLD. The technique is easy to use 
and provides information on the local height variations of the film, with sub-nm 
accuracy, while scanning surface area of many square μm. Next to a visually 
interpretable height map, which will reveal the geometry of surface features, such 
as crystallites or amorphous globular features, the room-mean-square (RMS) 
roughness may be determined. Additionally, the technique was often used to 
determine the thickness of a grown film by making a sharp cut, which terminated at 
the much harder (silicon) substrate. By scanning the AFM across the cut, 
thicknesses in the 10-100nm range could be accurately obtained. An AFM is 
operated in tapping mode by using a cantilever that resonantly oscillates at high 
frequency above the surface of the sample. The oscillation frequency is kept on 
resonance by a feedback loop which adjusts the height of the cantilever when the 
resonance frequency changed due to the proximity of a surface feature. The tapping 
is extremely gently and does not deform the surface of the films, although when the 
surface consists of loosely bound particulates, the cantilever may pick up a particle, 
which will give repeated feature artifacts in the scan image. The AFM analysis in 
this thesis is performed using a Bruker Veeco Multimode 8 AFM.  
 
2.5 Scanning Electron Microscopy 
 A scanning electron microscope (SEM) can be used with a large number of 
detectors and geometries, yielding various kinds of information. A highly focused 
beam of accelerated electrons (usually 20-30 kV) is scanned across the sample 
surface. Several detectors provide imaging: detecting Secondary Electron (SE) 
generally provides the highest resolution, while backscattered electrons (BSE), 
which have been elastically scattered by the sample, provide element-specific 
contrast. Energy Dispersive X-ray Spectroscopy (EDS) is based on the specific 
spectral lines within the X-ray regime emitted by materials excited by an electron 
beam. A spectrum obtained from a material irradiated by the electron beam can be 
fitted using standard materials spectra to obtain the elemental composition of the 
sample. While the accuracy of these measurements is highly dependent on the 
sample geometry, and is in principle not defined for thin films since the interaction 
volume of the electron beam is roughly a μm, the precision of the method is quite 
high. We therefore usually restrict ourselves to the comparison of highly similar 
samples when performing EDS analysis. Finally, crystal structure and texture can 
be obtained in SEM using Electron Back-Scatter Diffraction (EBSD). The sample is 
tilted to an angle of 70° with respect to the incoming beam. Part of the beam now 
diffracts off the surface, somewhat analogously to RHEED (introduced later). The 
diffracted pattern shows Kikuchi-lines and is captured using a phosphor screen and 
2.6 Transmission Electron Microscopy 
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CCD camera. An automated analysis program (EDAX-OIM software v. 7.2.1) was 
used to fit the Kikuchi patterns with a known crystal structure, to obtain the local 
crystal orientation to within one degree. Due to the high incidence angle, the spot 
size (and therefore resolution limit) of the SEM deteriorates. In chapter 7 we show 
that the ~100nm domains could just be resolved. No attempt was made to image 
the thin films grown using PLD, since their grain size is around 80 nm. In this 
thesis, SEM analysis is performed using Philips XL30S, FEI Nova NanoSEM, and 
FEI Helios Dual Beam systems.  
 
2.6 Transmission Electron Microscopy 
While also an electron-microscopy technique, the sample requirements, 
contrast mechanism, and achievable resolution are vastly different for TEM than 
for SEM. The sample has to be polished to be electron transparent, using 
progressively more gentle methods to obtain a sample ‘film’ with a thickness of less 
than 100 nm. The details of TEM sample preparation of thin-films are provided in 
6. The TEM operates by directing a high–energy (200 kV) beam of electrons onto 
the specimen. These electrons form a coherent wavefront, which scatters on the 
specimen and is transmitted through onto a detector. In Bright-Field (BF) mode, 
darker areas indicate a strong scattering contrast: either the material is thick, or the 
atomic planes are in a scattering condition which diverts the incoming wave away 
from the optical axis. When operated in Scanning TEM mode, the beam is focused 
into a small spot on the specimen and rastered across the area of interest. The non-
scattered beam is captured. When high angle annular dark field (HAADF) STEM is 
used, only electrons scattered to high angles are detected, which leads to incoherent 
imaging. Then, complicating wave interference effects are lost enabling a much 
more straightforward and simple image interpretation. Atomic columns are always 
imaged as bright spots in a dark surrounding and the intensity of the bright spots is 
directly related to the average atomic number Z in the atomic column (typically 
intensity is proportional to Z to the power 1.6-2.0).7  
Similarly to SEM, TEM offers the option of detecting elemental composition by 
analyzing the x-ray radiation due to electron-beam excitation of the specimen. 
When a STEM-mode is used to raster across the image, elemental mappings can be 
performed. In principle the spatial resolution of TEM-EDS can in principle go 
down to atomic resolution, whereas this resolution cannot be better than a few 
hundred nm with SEM-EDS on bulk specimen. Since the TEM is thus intrinsically a 
low-sample volume technique, the elemental composition of a thin film can be 
measured more accurately than in SEM. 
By modifying the active lens configuration of the TEM behind the sample 
(mainly the strength of the intermediate lens), the specimen can be imaged in 
reciprocal (diffraction) space. The beam illumination is spread to obtain a planar 
wavefront at the specimen. By tilting the specimen across multiple axes, the 
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specimen will diffract along various zone axes, revealing the symmetry of the 
crystal, as well as twinning, exact lattice parameters, and possible presence of 
multiple phases. 
The TEM analysis in this thesis is performed using JEOL 2010 and JEOL 2010F 
systems. Images were analyzed using the Digital Micrograph software (Gatan) The 
compositions of the samples were investigated using a SiLi EDS detector. Accurate 
composition information was obtained by Cliff-Lorimer w/o absorbance fitting in 
the NSS 2.3 software (Thermo Scientific). 
 
2.7 Ellipsometry  
To investigate the optical properties of the thin films grown using PLD, 
ellipsometry was performed. Linearly polarized light is reflected off the sample 
surface, scanning through a range of wavelengths (300-1800nm). After reflection a 
second polarizer and detector obtain the ratio of reflected p- and s- polarized light. 
The system allows heating during measurement (dynamic ellipsometry) as well as 
measuring absolute wavelength dependent reflectivity as well.  
The obtained values of the reflected wave can be parametrized by ψ (phase 
rotation) and Δ (phase difference) values, and these are fitted to a model which 
describes the dielectric properties of the film, as well as its thickness. Many texts 
explain the intricacies of fitting various models, so we will not give an extensive 
description here.8,9 Generally, a material is modeled using a simple (nonphysical) 
description to obtain layer thicknesses, then a real fit using one or more oscillators 
(resonant frequencies) is performed. For good electrical conductors, a Drude 
contribution is also included. The ellipsometry analysis in this thesis is perfomed 
using a J. Woollam UV-VIS spectroscopic ellipsometer and the VASE software as 
well as a custom Matlab code.  
In order to produce actual optical devices, it is useful to model reflection profiles 
and use a dedicated angle-resolved reflectometer to experimentally verify this 
profile. Both a freely available script based on the TransferMatrix algorithm and a 
self-written angle-resolved reflectivity script were used. The reflectometer was a 
home-built system with a light source, polarizer, and prism analyzer within 350-
800nm range.  
 




Figure 3. Measurement principle of ellipsometry. A Polarized beam is reflected off 
the sample surface and detected. The intensity and phase rotation is measured. 
The complex dielectric constant can be fitted. Adapted from. 8 
2.8 Pulsed Laser Deposition 
Pulsed Laser Deposition (PLD) is the current term used for a deposition process 
which has been experimented with for half a century, going back at least to 1965.10 
The technique was more commonly referred to as Laser Ablation and Deposition 
(LAD), which in fact reveals more about the actual deposition mechanism. 
Interestingly, many older reports describe experiments using metals and 
semiconductors, while the mature technique known as PLD is mostly employed for 
the growth of oxides.11 The PLD setup consists of a high-vacuum chamber (10-8 
mbar) where the deposition takes place, and a laser and optics table. Deposition of 
a thin film is achieved by irradiation and ablation of a target. Material leaves the 
target as a plume of plasma, and is deposited onto a substrate. The substrate can 
optionally be heated to promote surface diffusion. The process is moderated using a 
background gas such as oxygen or argon. A Reflective-High-Energy-Electron-
Diffraction (RHEED) system, which consists of an electron gun and a phosphor 
screen, is used to monitor the growth process.   
While many reports and even books exist on the deposition of a plethora 
materials, no general consensus can be found on the exact mechanics of many of 
the physical phenomena taking place during deposition. We will therefore also not 
attempt to describe this in too much detail. In the following section the 
components and capabilities of the PLD setup are described, and in chapter 3 the 
result of tuning various process parameters is shown.  




Figure 4. The components of the PLD system’s main chamber are shown 
schematically. Adapted from the TSST PLD system user manual. 
Vacuum System 
The system consists of a main chamber and an attached loadlock for quick 
substrate and target exchange. The chamber, loadlock, and RHEED system are 
pumped by three turbofan pumps backed by two roughing pumps. The chamber 
pressure is monitored using Ion Gauge for high-vacuum and baratron gauge for 
low-vacuum.  
Excimer Laser 
A KrF excimer laser emitting light at 248 nm is used to ablate target materials. 
The high-energy UV-wavelength is chosen since it is well absorbed into many 
materials. The laser works by discharging a ~25 kV potential between 2 parallel 
plates within a 3 Bar KrF environment. The Kr+ and F- components are ionized, 
and their recombination emits 248 nm photons. The beam is not as coherent or 
parallel as a traditional laser. The beam path (several meters in length) is long 
enough to significantly reduce the observed laser power density at the beam center. 
The laser energy output reduces over time (weeks), due to the degeneration of the 
excimer gas. The laser pulse time is roughly 20 ns, the repetition rate can be varied 
from 0.1 Hz to 10 Hz, and typical pulse energies are in the 10 mJ range. 
Beam Path 
The optical bench contains only a few elements. Starting from the laser 
aperture, the light is passed through a mask, which takes the central area of the 
beam, and has the rectangular shape of the space between the discharge plates. 
2.8 Pulsed Laser Deposition 
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This part of the beam contains the most homogeneous energy distribution. The 
mask further serves as the “object” for the lens. The lens is positioned just outside 
the vacuum chamber, and projects a focused “image” of the mask called the spot 
onto the ablation target. The position of the target is fixed but the lens and mask 
can be moved, allowing the spot size to be changed at will by using the lens 
equation for object, image and lens focal distance. Due to the divergence of the 
laser beam, as well as the KrF gas degradation, laser energy has to be carefully 
tuned before deposition using an energy meter. While advanced meters will map 
the entire beam profile, a basic model to measure total spot energy suffices. The 
meter is placed after the lens, just before the laser window of the vacuum chamber. 
Laser Window 
The laser enters through a window into the deposition chamber. Since the 
window transparency is reduced due to material deposition within the chamber, 
periodic cleaning has to be performed. The energy loss due to the window glass is 
8%, and cleaning is recommended to keep the spot energy well-defined, as well as 
prevent the spot from burning into the window.  
Targets 
PLD-targets are bonded using heat-conductive glue to steel stubs. A total of five 
target stubs can be mounted on a carrousel, which can be rotated during a 
deposition, to make multi-material films. The targets usually contain a 
stoichiometric mixture of sinter-pressed powders of the deposition material, but 
single crystals can also be used and are in fact preferable. A high density and flat 
surface are critical to obtaining a clean deposition. Targets are periodically grazed 
using consecutively finer-grained paper to obtain a smooth surface.  
The targets are aligned parallel to the substrate surface, since the ablation 
plume always erupts perpendicularly to the surface of the target. This means the 
targets are mounted at a 45° angle to the incoming laser beam, since it needs to 
pass the substrate holder. The spot is therefore smeared out due to this angled 
incidence. The target is scanned in the plane parallel to its surface to optimize 
material use and to prevent excessive wear within one deposition. Generally, the 
scan speed is chosen such that successive spots overlap significantly, which yields a 
homogeneous ablation track. Usually scanning is performed in a row-by-row 
pattern.  
Substrate heater 
The substrate is mounted on a heater holder at a distance of 6 cm from the 
target, with the laser spot location directly opposite to the substrate center. The 
substrate may either be glued onto the heater to optimize heat contact using silver 
glue, or clamped for faster loading. The substrate itself is generally either one cm by 
one cm or smaller. An attachment to load 3 mm diameter TEM grids was also 
designed. When a deposition is performed, the entire holder is taken out of the 
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vacuum system, the sample is mounted, and the heater is inserted back into the 
chamber. 
The heater is capable of employing controlled heating rates up to 20 °C/min and 
maintaining temperatures up to 850 °C. The heater holder can be rotated along an 
axis perpendicular to the substrate surface (azimuth), and an axis within the plane 
of the sample (tilt). This is necessary for alignment with respect to the RHEED 
system. 
A well-controlled temperature is essential to many depositions. However, the 
heater cannot be controlled by a feedback loop during PLD deposition, since this 
would affect the RHEED system due to the proximity of the heater current loop to 
the electron beam. Therefore, before starting a deposition, it is essential to let the 
system equilibrate itself at the deposition temperature before switching off the 
control loop and fixing the output voltage. 
Gas inlet system 
PLD is generally performed in a gas environment, which can have two reasons: 
(1) Inert gases (such as argon) are used to confine the ablated material 
into a forward-moving plume, optimizing material deposition onto 
the substrate 
(2) Reactive gas (oxygen) is used for oxide depositions, since vacuum 
depositions generally yield oxygen-poor films. 
The gas pressure is a tuning parameter to tune deposition rate. Since the different 
elements will scatter differently, stoichiometry might also be affected, and these 
interactions can be quite complex. For the depositions in this thesis, generally a 
pressure of 0.12 mBar Ar was used. The gas pressure is controlled both upstream 
(inlet) and downstream (outlet). The inlet valve contains a flow controller, where 
for normal operation a flow of one sccm is used. By changing the aperture of the 
outlet valve, the pressure in the main chamber is controlled.  
RHEED system 
The RHEED system is an extremely useful tool in structural sample analysis and 
is much more than a simple deposition monitoring system. The system consist of 
several components: a 30kV electron gun (tungsten filament) emits electrons, 
which are focused within the RHEED tube by several lenses and apertures. This 
section of the RHEED system is differentially pumped using a separate turbo-pump 
to high-vacuum pressures. When the electron beam enters the main chamber, it is 
scattered by the process gas, reducing the signal quality. The beam is aligned to hit 
the substrate at a glancing angle (~3°). This ensures that the electron beam 
diffracts off the surface, with an estimated penetration depth of about 1 nm. The 
diffracted beam is imaged on a phosphor screen and captured on a CCD camera.  
2.9 RHEED Analysis 
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2.9 RHEED Analysis 
When one is familiar with electron-diffraction mode in TEM, the RHEED seems 
quite similar at first glance. The imaged pattern represents reciprocal space, where 
distanced relate inversely to plane spacing in the crystalline film. Due to the surface 
sensitivity however, not all symmetry features of a crystal are observed (see e.g. 
paragraph 5.10). Similarly, the grazing incidence of the beam breaks the symmetry 
of the diffraction pattern. While one axis parallel to the substrate on the phosphor 
screen will show diffraction spots with spacings relatable to the surface lattice 
spacing, the axis perpendicular to the substrate contains different information as 
will be explained below. 
Pattern diagnostics 
When the surface of a single-crystalline atomically flat surface is imaged, the 
resulting spot pattern features a set of spots on a ring, corresponding to the 
intersection of the crystal lattice points with the Ewald sphere. By increasing the tilt 
angle (i.e. the incidence angle), the whole pattern moves, since the diffraction is 
still subject to the angle of incidence = angle of reflection law. The spot intensity 
might change however, allowing for optimization of the pattern intensity. In single 
crystals, Kikuchi-lines and bands are observed as well, allowing for identification 
and alignment of the zone axis. The overlap of a band and a diffraction spot might 
produce a more intense spot. This is undesirable when one wants to observe spot 
intensity oscillations. 
When the single-crystal surface contains roughness on the atomic scale, the 
spots become elongated into streaks. This can be explained by considering again 
the Ewald sphere. The relrods now penetrate the Ewald sphere along lines with 
length according to the height difference in the sample. When the coherence length 












Figure 5. The electron beam is incident on the substrate at a glancing angle. The 
diffraction pattern can be calculated using the Ewald sphere construction. 
Assuming the substrate to be perfectly flat, relrods extend upward to intersect the 
sphere at well-defined points: these are the diffraction spots. Adapted from 12. 
 
An untextured, but atomically flat film will intersect the Ewald sphere along 
sharply defined rings, since the crystalline spacing perpendicular to the direction of 
the beam is a continuous distribution. An amorphous material resembles this 
untextured but flat film: due to the more poorly defined lattice parameter however, 
the rings become blurred, analogously to those observed in TEM. When the 
roughness is increased more dramatically, a so-called 3D-pattern is observed, the 
electron beam penetrates through rough surfaces, yielding a transmission-
condition, like in TEM. A symmetric spot pattern is visible along both axes.12,13  
The RHEED patterns shown usually also contain a spot called the direct beam. 
This is part of the unscattered beam which passed by the sample. This is due to the 
grazing incidence. The amount of diffracted intensity is usually highest when some 
of the direct beam is still visible. The comparison of the direct beam intensity and 
the diffracted intensity can be used as a qualitative measure of surface quality 
(assuming proper alignment). Figure 6 shows several examples of substrates and 
samples with different crystalline states. 
 




Figure 6. a) amorphous SiO2 substrate. Next to the direct spot, only a featureless 
reflected intensity is visible. b) amorphous or nanocrystalline film (WTe2) gives 
blurred rings. c) polycrystalline film without texture (pure Te) gives sharp rings. 
d) rough film (GeTe) 3D-pattern of spots reminiscent of electron diffraction in 
TEM. Can be determined to have out-of plane texture but random in-plane. e) A 
smooth film (Bi2Te3) gives streaks. The Bi2Te3 has out-of plane but no in-plane 
texture, as can be determined from the streak spacings. f) Single-crystalline, 
atomically smooth mica substrate shows a spotty pattern with spots on the first 
Laue circle. Kikuchi bands (straight lines fanning out from center) are also a good 
indicator of high-quality substrates.  
RHEED scale calibration 
Since RHEED allows the determination of crystal symmetry, it seems useful to 
calibrate the detection camera, to obtain a pixel – nm conversion. In practice 
however, this is not possible since the actual spot separation on the screen is 
affected by a number of factors, including the exact position where the substrate 
intercepts the RHEED beam, the position of metal components (such as the 
shutter), and most crucially, the electric current in the heater holder. This means it 
is impossible to obtain a universal calibration. The best practice is therefore to use 
a well-characterized substrate/film, from which the RHEED can be internally 
calibrated. 
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Lattice spacing evolution using RHEED 
Since the spot spacing in the RHEED patterns is directly related to the film 
lattice parameter, this can be monitored during film growth. Typically, the RHEED 
pattern was captured every 200 ms, to allow for a variable intensity in-between 
laser pulses. A custom script was developed to assist with analyzing the large 
amount of generated data (figure 7). The script takes an intensity profile across the 
streaky diffraction pattern, then sums the intensity per row, creating an intensity 
profile. The user can select the three peaks and the limits used to subtract a 
baseline. The script will fit this baseline using a linear function. The peak itself is 
fitted using a single Gaussian peak profile. The three peak locations are extracted. A 
linear function is fitted through the three peak locations to obtain the peak spacing. 
This spacing (in pixels) is plotted as a function of time. This data is calibrated using 
a known lattice parameter. We observe that a sub-pixel resolution can easily be 
obtained, yielding a real-space resolution of ±0.01 Å.  
 
Figure 7. a. The RHEED pattern during deposition. b. The row-summed intensity 
profile is shown on the right. c. Every row represents one intensity profile taken 
during deposition. With the naked eye one cannot distinguish the spacing 
changes. d. The spacing between streaks is plotted versus time/frame number. 
The pixel spacing clearly varies. 




As was discussed earlier, an atomically flat surface yields intense diffraction 
spots. When a material is grown however, this smoothness is (temporarily) 
destroyed. Depending on the growth mode, the layer can either recover this 
atomically smooth surface (layer by layer), or will retain some roughness 
(islanded). When the material grows in a layer-by-layer mode, the resulting 
oscillation of RHEED intensity can be captured as a function of time, and directly 
interpreted as the growth rate in monolayers per pulse. An example of such an 
oscillatory intensity is shown in figure 8. 
 
Figure 8. RHEED streak intensity oscillations of Bi2Te3 being grown on mica at 
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